Monocercomonoides is the first example of a eukaryote lacking even the most reduced form of a mitochondrion-related organelle. This has important implications for cellular processes and our understanding of reductive mitochondrial evolution across the eukaryotic tree of life.
The origin of mitochondria by the endosymbiotic integration of an a-proteobacterium is one of the defining events in eukaryote evolution. Although the details of this endosymbiosis are still unclear [1, 2] , more than two decades of molecular evolution and cell biology research have demonstrated that the origin of mitochondria predated the divergence of all known eukaryotes. This means that all extant eukaryotes, or at least their ancestral lineages, are predicted to harbor mitochondria in one way or another. And indeed, all species studied to date have been found with either canonical aerobic mitochondria, or less conventional but evolutionarily linked mitochondrionrelated organelles (MROs) in anaerobic and microaerophilic lineages ( Figure 1 ). MROs are loosely defined as degenerated mitochondria exhibiting various degrees of reduction. They represent a continuum from anaerobic mitochondria (generate ATP using alternative electron acceptors), to more reduced hydrogenosomes (generate ATP via substrate-level phosphorylation, lack an electron transport chain, produce hydrogen), to highly reduced mitosomes (no role in ATP production, lack an electron transport chain, involved in iron-sulfur cluster assembly) [3, 4] . So all extant eukaryotes possess organelles related to mitochondria, right? Not anymore, as we are told by Karnkowska and colleagues in this issue of Current Biology [5] , reporting on the recent genome sequencing of the anaerobic microbe Monocercomonoides sp. Demonstrating absence is a daunting task. To provide a compelling case for the complete lack of mitochondrial organelles in Monocercomonoides sp., Karnkowska et al. set out on a range of bioinformatic experiments. First, they show that their draft genome is virtually complete. With that in hand, they confirm that no mitochondrial genome is to be found, which comes as little surprise, as many MROs lost their genome long ago, and mitochondrial metabolism in general is sustained by proteins encoded in the nucleus [6] . Some of these nucleus-encoded proteins represent hallmarks of mitochondrial function, and are typically associated with MROs in other organisms. These include the homologous core of the protein import machinery, transporters of the mitochondrial carrier family, or the mitochondrial iron-sulfur (Fe-S) cluster assembly [7] . Not in Monocercomonoides sp., which lacks all of them. To be comprehensive, the authors also looked at a larger database of known mitochondrial proteins, and expanded their hunt beyond homology searches to look for signature sequence motifs such as mitochondrial targeting signals. Needless to say, none of these approaches came back positive, allowing Karnkowska et al. to infer the general absence of mitochondrial proteins in Monocercomonoides sp., and by extension the unprecedented report of a eukaryote without any kinds of mitochondrial organelles.
Of course, not having a mitochondrial organelle at all has biological implications that the organism must cope with. In the first place, how does Monocercomonoides sp. generate its energy? As stated above, MROs towards the most reduced end of the spectrum (e.g. mitosomes) have already lost the ability to produce ATP. Organisms with such organelles use other means instead, for example importing ATP from host cells in the case of intracellular parasites [8] , or completely outsourcing the production of ATP to the cytoplasm by substratelevel phosphorylation in glycolytic reactions [3] . Monocercomonoides sp. apparently does just that, as deduced by the presence of a full glycolysis pathway as well as anaerobic fermentation enzymes [5] .
Another implication of missing an MRO, in many ways more puzzling, is the absence of a mitochondrial Fe-S biosynthesis pathway (ISC). Fe-S clusters are cofactors of proteins that play essential roles in many cellular reactions, such as electron transport or enzyme catalysis. To be assembled properly in eukaryotes, Fe-S clusters require the joint action of the ISC pathway and its cytosolic counterpart, the CIA pathway [9] . This places the ISC pathway in a pivotal position for the proper functioning of cellular processes, and indeed has been regarded as the only unifying feature of mitochondria and MROs (Figure 1 ) [10] . So how does Monocercomonoides sp. assemble Fe-S clusters without an MRO? The answer, quite literally, comes from bacteria. Instead of the ISC pathway, Monocercomonoides sp. possesses bacterial genes encoding components of the sulfur mobilization (SUF) machinery, one of the prokaryotic systems that can assemble Fe-S clusters [11] . Acquired through lateral gene transfers (LGTs) from bacteria, these genes seemingly replaced the ISC system in Monocercomonoides sp., allowing it to fulfill the Fe-S biosynthesis requirements right from the cytosol. The precise timing of the SUF acquisition is unknown, but Karnkowska et al. propose that both the SUF and ISC systems have coexisted during some time [5] . This is a reasonable assumption because a relative species, Paratrimastix pyriformis, was found to have homologs of the same SUF system, most likely acquired in a common ancestor, although it remains to be seen whether P. pyriformis has also retained the ISC pathway.
The hypothesized co-occurrence of the SUF and ISC systems in an ancestral lineage of Monocercomonoides sp. brings us to the heart of the issue. By creating redundancy, it is now possible to explain how Monocercomonoides sp. became completely amitochondriate. Specifically, the ISC pathway was no longer required since the SUF pathway can perform similar functions, making it dispensable and ultimately resulting in the complete loss of mitochondria. If correct, this scenario would reinforce our understanding of the minimal function of mitochondria, that is, in Fe-S cluster biosynthesis [10] . However, evolution generates diversity in infinite ways, and the mosaic of functions found in MROs is a prime example of that. Although still extremely rare, two other LGTs) and functional redundancy. Other forces are at play, including chance, biological constraints due to specific lifestyles (e.g. energy requirement), as well as varying responses to environmental conditions. More generally, such comparisons across the eukaryotic diversity vividly remind us, if need be, of the importance of discovery science. Our current understanding of eukaryote diversity and evolution (see [14] for a recent review) compels us to interpret the absence of mitochondrial organelles in Monocercomonoides sp. as a derived state. It would have been different 20 years ago, under the so-called Archezoa hypothesis, which postulated that some microbial eukaryote lineages diverged before the mitochondrial endosymbiosis, thus ancestrally lacking mitochondria [15] . If today we are confident in the secondarily amitochondriate nature of Monocercomonoides sp., it is because of the continuing discovery and functional characterization of a wide range of MROs in diverse lineages, as well as the improved resolution of the eukaryotic tree. The vast majority of eukaryotic diversity is composed of unicellular microbes -the protists -that, much like Monocercomonoides sp., are key to understanding the evolutionary paths that gave rise to this biodiversity. As shown here by Karnkowska and co-authors [5] , genome sequencing is a powerful tool that can shed light on extraordinary cellular and evolutionary processes in unexplored parts of the biosphere. Current research has barely scratched the surface of protist diversity; it is now time to dig deeper.
